Boron plays important roles in many life processes including embryogenesis, bone growth and maintenance, immune function and psychomotor skills. Thus, the delivery of boron by the degradation of borate glass is of special interest in biomedical applications. However, the cytotoxicity of borate glass which arises with the rapid release of boron has to be carefully considered. In this study, it was found that the incorporation of strontium into borate glass can not only moderate the rapid release of boron, but also induce the adhesion of osteoblast-like cells, SaOS-2, thus significantly increasing the cyto-compatibility of borate glass. The formation of multilayers of apatite with porous structure indicates that complete degradation is optimistic, and the spread of SaOS-2 covered by apatite to form a sandwich structure may induce bone-like tissue formation at earlier stages. Therefore, such novel strontium-incorporated borosilicate may act as a new generation of biomaterial for bone regeneration, which not only renders boron as a nutritious element for bone health, but also delivers strontium to stimulate formation of new bones.
INTRODUCTION
Bioactive material serves as an implant to facilitate healing or to compensate for a lack or loss of bone tissue, particularly for osteoporotic fractures, where the conventional metallic reinforcement method for fractured bone is not applicable because of bone fragility and extremely low bone mineral density. The demand for bioactive material is therefore in the need to fill bone defects, augment weak osteoporotic bones and fix fractures. As a result, it requires a highly reactive surface to form a continuous interface with the surrounding bone tissue to induce abundant bone formation, and thus able to be structurally and mechanically compatible with bone tissue, and eventually be replaced by new bones.
The extraordinary performance of bioactive glass (e.g. 45S5 Bioglass) lies in its spontaneous bonding with bone tissues through the formation of a calcium phosphate (Ca-P) layer with a satisfactory biocompatibility and osteoconductivity (Hench & Wilson 1984; Silver et al. 2001; Chen et al. 2006) . However, the degradation of this silicon-based glass is highly timedependent, and the bulk material was reported to remain in the human body upto one year of implantation (Hamadouche et al. 2001) . As a result, borate glass, based on a B 2 O 3 network, is now showing potential in bone regeneration, owing to its complete conversion to apatite through a set of dissolutionprecipitation reactions similar in nature to those in 45S5 Bioglass (Huang et al. 2006; Yao et al. 2007; Liu et al. 2009b) . In particular, the mechanical strength of a scaffold based on a boron network former is significantly higher than that of the silicon network former in 45S5 Bioglass (Liu et al. 2009a) .
As a naturally occurring trace element, the role of boron was not well known until recently detected in human diet and found necessary for the optimal health of rats and presumably other mammals (Forrer et al. 2001a,b) , e.g. required or beneficial for many life processes including embryogenesis, bone growth and maintenance, immune function and psychomotor skills (Nielsen 2000) . Particularly, in post-menopausal women, boron might stimulate hormones, thus mimicking the effects of oestrogen, producing an oestrogen replacement (Nielson et al. 1987; Nielsen 1990 ).
Currently, oestrogen treatment is still one of the most effective methods of preventing post-menopausal bone loss, which can lead to osteoporosis and debilitating fractures. Thus, the low chemical durable glass based on threefold coordination boron network former is of special interest in delivering boron for bone health.
However, until now, the physiological role of boron has been poorly understood. Although detected in daily diet, the actual amount of consumption dramatically varies depending on different sources and regions. However, unfortunately as documented, 2 g of boric acid can kill an infant, and 45 g is lethal to an adult (Garrett 1998) . Nevertheless, the related study of biocompatibility of borate glass is very limited, or even overlooked in previous studies. Particularly, the initial degradation rate of borate glass was found to be significantly faster than expected (Huang et al. 2006; Yao et al. 2007) . A detailed study and an attempt to control its degradation rate are therefore necessary.
Strontium has recently been suggested as a daily oral supplement for the treatment of osteoporosis, e.g. strontium ranelate (SrR), owing to its dual antiresorptive and anabolic effects on bone, attributed to enhanced pre-osteoblast differentiation, inhibited osteoclast differentiation and eventually reduced osteoclast function (Buehler et al. 2001; Nielsen 2004; Rizzoli 2005) . Thus, bioglass is thought to be an ideal reservoir to deliver strontium, owing to its homogeneous composition and controllable degradation (Lao et al. 2008; Place et al. 2009 ). In particular, strontium has a larger ion radius (1.13 Å ) than that of magnesium ion (0.65 Å ) and calcium ion (1.00 Å ; Li et al. 2007a) . The incorporation of strontium by partial substitution of magnesium and calcium is therefore expected to occupy more space and inhibit the movement and release of other ions in the glass network, and thereby reduce the dissolution rate of borate glass. The aim of this work is therefore to study the chemical structure of borate glass affected by incorporated strontium, and to extensively investigate both its degradation behaviour and biocompatibility. The regeneration of damaged or lost bony tissue is therefore anticipated owing to the dual roles of two important elements: boron and strontium.
EXPERIMENTAL

Fabrication and characterization
Borate glass of composition Na 2 O-K 2 O-MgO -CaO -B 2 O 3 -SiO 2 -P 2 O 5 was prepared using a conventional approach by melting reagent-grade chemicals in a platinum crucible at 12008C for 2 h with stirring, and then quenching in cold stainless steel. The detailed composition is listed in table 1, where strontium was added to partially replace magnesium and calcium. The bulk specimen was sliced into small pieces of size 1 Â 1 Â 0.5 cm for analysis. The structure and composition were, respectively, characterized by X-ray diffraction (XRD; model D/max 2550V, Rigaku, Tokyo, Japan) and Fourier-transform infrared spectroscopy (FTIR; Perkin-Elmer, USA). The chemical compositions were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES; Varian Co., USA).
In vitro study
The bioactivity was evaluated by immersing the glass sample in 50 ml of Dulbecco's Modified Eagle's Medium (DMEM) at 37.0 + 0.18C, respectively, for 1, 3 and 7 days (degradation and precipitation) and 30 days (cross section). The sample was then separated and rinsed twice in de-ionized water. The surface morphology was observed using scanning electron microscopy (SEM; LEO 1530, Oxford, UK) and the coating was characterized, respectively, by selectedarea electron diffraction (SAED; Technai G2 20 STEM; FEI, Hillsboro, OR, USA) and energy-dispersive X-ray spectroscopy (EDX) by scratching from the glass surface. The pH of residual solution was also recorded. The cross section was studied using SEM after 30 days by mounting in epoxy resin.
Cytotoxicity and cell adhesion
In vitro biocompatibility was evaluated by cytotoxicity through MTT assay based on the requirement of ISO 10993 by L929 cells (International Standards Organization 1992) . Firstly, the extraction was prepared by immersing the glass sample into DMEM (Invitrogen, USA) at 378C for 1 day (0.2 g ml
21
). L929 cells were incubated for 24 h at 378C with 5 per cent CO 2 , 95 per cent air and complete humidity. Then, the medium in the well was replaced by the prepared solution. After 3 days, 10 ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) plus 100 ml of DMEM were added into each well. After additional incubation for 4 h, the MTT solution was removed and replaced with 100 ml of dimethylsulphoxide (DMSO). After 10 min of slow shaking, the absorbance was read at wavelengths of 570 and 630 nm. The relative growth rate (RGR) was then calculated. The ion concentration of extraction including boron and strontium was characterized by ICP-AES. Secondly, the response of osteoblasts was carried out by seeding human osteoblast-like cells, SaOS-2, with a density of 1 Â 10 4 per well on the glass surface. After incubation for 3 days, the glass surface was rinsed with phosphate-buffered saline to remove nonadherent cells. Then, the specimens were fixed using 2.5 per cent glutaraldehyde with cacodylate buffer, washed using cacodylate buffer with sucrose, dehydrated with graded alcohol, and finally observed using SEM (Hitachi S4800 FEG SEM, Horiba, Japan).
Statistical analysis
All data presented here were expressed as mean + standard deviation (n ¼ 5) and analysed by one-way ANOVA. Differences were considered statistically significant at p , 0.05.
RESULTS AND DISCUSSION
The experimental compositions of glass were close to the expected theoretical values (table 1), indicating that the glass network structure was formed as expected. The incorporation of strontium by ( partial) substituting magnesium and calcium can be easily performed owing to chemical similarity. FTIR spectra (figure 1) showed that the glasses were dominated by broad peaks at 600-800 and 800-1200 cm
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, which are the main features of B -O stretching of tetrahedral [BO 4 ] units; meanwhile a strong absorption band at 1200 -1500 cm 21 was attributed to the B-O stretching of trigonal [BO 3 ] units; indicating that the main glass network was composed of [BO 3 ] and [BO 4 ]. In addition, the presence of weak peaks at 415 and 668 cm 21 was indicative of Si -O -B linkages, thus verifying the coexistence of silicon units in the boron network structure, and the peak at 560 cm 21 originated from the internal modes of PO 4 32 ion (figure 1). XRD showed that the prepared glass was non-crystalline, although additional strontium was incorporated (figure 2). Thus the added strontium neither affected the glass network structure, nor induced crystallization. The highly reactive surface is therefore formed because of its amorphous nature.
As a result, in the early stage of biomineralization, rapid nucleation could be detected on the glass surface after soaking in DMEM solution for only 1 day (figure 3). Although lacking a long-range order, it gradually converted to a poor-crystalline apatite after 7 days (figure 3), indicated as two broad rings representing (211) and (002) reflections, where the apatitelike material covered the glass surface uniformly. In addition, this was indicated by the change of solution pH that slightly increased from 7.4 to approximately 7.8 after soaking in DMEM solution for 1 day, and further increased to approximately 8.4 after 3 days due to rendering of alkaline elements such as sodium, potassium and magnesium, but slightly decreased to approximtely 8.1 after 7 days typically due to the consumption of OH 2 ions for the formation of apatite. Furthermore, the apatite layer was scratched from the glass surface after day 7 and characterized by EDX. It was found that the calculated Ca/P ratio was approximately 1.58, significantly lower than the stoichiometric ratio of pure hydroxyapatite (HA) at 1.67, indicating it as a calcium-deficient apatite. Similar to the result of Lao et al. (2009) (Brown & Constantz 1994) . However, whether bone quality will be affected by the incorporation of strontium remains to be answered, since strontium is not a normal constituent of natural human bone (typically, about 320 mg in total in the human body, mostly in bone and connective tissue; Pan et al. 2009 ).
Over a period of time, apatite was formed as a unique multilayer with porous-interconnected structure (figure 4). Essentially, the nucleation of apatite depends on two requirements: supersaturation degree of calcium and phosphate, and pH value. The accumulation of calcium was principally attributed to the rapid release of calcium from the glass surface and the compensation of phosphate was mainly obtained from the DMEM solution since there was limited phosphate in the glass network. Meanwhile, the increased pH of the adjacent solution was due to the rapid release of alkaline elements such as sodium, potassium and magnesium. Therefore, heterogeneous nucleation of apatite spontaneously occurred (figure 3). Then, the surface to nucleate apatite was uniformly moved inwards with the continuous release of calcium from the glass inside, but controlled by the concentration of the reacting ions in solution, particularly phosphate, needed by its consumption mainly from the solution. Thus it appeared that the reaction was hampered until the ionic concentration increased to a value where the reaction could occur again; the regular intervals of the apatite layer were therefore formed. However, the multilayer described in Li et al.'s (2007b) work was mainly attributed to the higher concentration of phosphate in the background solution (250 mM). Thus rapid compensation of phosphate from the solution can be achieved to drive apatite nucleation. Despite facilitating apatite formation, the exaggerated phosphate concentration was a failure in simulating biomineralization in vivo. Therefore, the characteristic of complete degradation as mentioned by Yao et al. (2007) might not only be due to the B -O network being more easily attacked than the Si -O network, but also due to the much easier diffusion of ions through this unique porous structure. Although the degradation rate was unavoidably slowed down with time owing to the thickness of the surrounding apatite layer, the complete conversion to apatite is therefore possible because of its unique multilayer with constant intervals. Borate glass was derived from 45S5 Bioglass, with a similar composition, but SiO 2 was completely or partially replaced by B 2 O 3 (Huang et al. 2006) . As said, the bioactivity was significantly increased judging by the ability of apatite formation (Huang et al. 2006) . However, the conversion to HA was reported to be too fast than expected if all SiO 2 were substituted by B 2 O 3 (complete conversion to apatite in less than 4 days; Huang et al. 2006; Yao et al. 2007) . Therefore, the retention of partial SiO 2 (up to 20%) showed significant slow-down of its rapid degradation rate, designated as 2B glass (Yao et al. 2007) .
However, the degradation mechanism between borate glass and 45S5 Bioglass is completely different. As reported, the rapid exchange of alkaline ions from 45S5 Bioglass generally resulted in the formation of a porous SiO 2 -rich gel layer (Hench 1998) , which played a key role in transporting ions and precipitating apatite. But determined by solution pH, as was done by Huang et al. (2006) , the dissolution of the SiO 2 -rich layer might be hampered if SiO 4 42 concentration was saturated with respect to the adjacent solution, thus retarding the formation of apatite. However, no SiO 2 -rich layer was formed during the degradation of borate glass as determined (Huang et al. 2006; Yao et al. 2007) , thus generally facilitating the formation of an apatite. However, the biocompatibility of this newly designed borate glass is still debatable, since the related cytotoxicity work is very limited. As a result, the incorporation of strontium to partially replace magnesium was anticipated not only to maintain the stability of the glass network owing to chemical similarity, but also to increase the cyto-compatibility (figure 5).
Cytotoxicity is a major concern for the design and fabrication of this newly developed bioactive material, to say, the first and most important step. Presently, the L929 cell line is widely used to evaluate the cytotoxicity of materials (Torabinejad et al. 1995; Kaga et al. 2001; Serrano et al. 2004; Scharnweber et al. 2008) based on the requirement of ISO 10993 (International Standards Organization 10993 1992) . Testing by this standard, 45S5 Bioglass has been widely reported to possess excellent biocompatibility (Shirtliff & Hench 2003; Wilson et al. 2004; Jones & Hench 2006) . As confirmed in this work, MTT result showed that the RGR of L929 cells was significantly more than 100 per cent, thus the corresponding cytotoxicity type was class 0, indicating no cytotoxicity. However, borate glass really showed cytotoxicity and the RGR just passed 75 per cent, thus classified between classes 2 and 1. Strontium borate glass H. B. Pan et al. 1029 Indeed, this increased significantly with the incorporation of strontium when the RGR was calculated to be 141 per cent and 108 per cent, both more than 100 per cent, and thus the cytotoxicity was classified as 0 when 6 and 12 per cent strontium were, respectively, added. As a result, similar to 45S5 Bioglass, there was no cytotoxicity. Boron is an essential element for bone health, but its cytotoxicity depends on its concentration. As seen in table 3, the concentration of boron released from borate glass was nearly twice as high as that released from glass incorporating strontium. It was reported that the radius of strontium ion (1.13 Å ) is larger than that of magnesium ion (0.65 Å ) and calcium ion (1.00 Å ; Li et al. 2007a) , thus it occupies more space in the glass network and effectively inhibits the movement and release of other ions and thereby reduces the dissolution rate of borate glass. As a result, the cytotoxicity that arises with the rapid release of boron was eliminated or at least minimized.
In addition, SaOS-2 cells could spontaneously attach, spread and proliferate well on the glass surface. The nucleation of apatite was not only detected on the glass surface, but also on the cell surface and thus the spread antennae of cells were partially covered by the apatite nucleation (figure 6a). Moreover, some cells were found to be completely covered by the rapid formation of apatite, only leaving contours, but the spreading of cells was still easily detectable. As a result, a sandwich structure was formed containing the apatite and cells (figure 6b). Bone is formed by the mineralization of an organic matrix including cells, osteoid and proteins by the nucleation and growth of apatite. This sandwich structure indicates that strontium-incorporated borate glass could not only stimulate apatite formation, but also induce the adhesion and proliferation of osteoblast cells, which may be the template for new bone formation.
Cytotoxicity indicates that although the safety tolerance level of boron in drinking water is estimated to be 40-150 ppm, no acute toxicity was reported even at levels reaching 300 ppm (Garrett 1998) . Essentially, boron was found to be rapidly excreted in the urine with a half-life of 21 h and complete elimination in 96 h (Garrett 1998) . Thus, there is no accumulated toxicity in the human body. Although the standard MTT assay may tell us the toxic limit, it might not express true safety tolerance due to its unique characteristics. In particular, the co-effects of an interaction between boron and strontium on osteoblast and osteoclast cells are still not known. A biochemical approach and animal trials are therefore necessary and urgent.
CONCLUSION
The incorporation of strontium significantly decreased the cytotoxicity that arises with the rapid dissolution of borate glass leading to exceeding safety tolerance of boron. The complete conversion to apatite is therefore optimistic because of its unique multilayer and porous structure. With the degradation of glass, it will not only render boron as a nutritional element for bone health, but also deliver strontium for new bone formation. 
